This study examined the relationship between the activation phase of cone phototransduction and the flicker electroretinogram (ERG) in 15 patients with retinitis pigmentosa (RP) and 12 age-equivalent, visually normal control subjects. Values of R mp3 (maximum amplitude of P3, the massed cone photoreceptor response) and S (sensitivity of cone phototransduction) were derived from a delayed Gaussian model applied to the leading edge of the ERG a-wave. Fundamental amplitude and phase of the flicker ERG were derived from responses to sinusoidal flicker presented at temporal frequencies ranging from 7.8 to 100 Hz. Patients with RP who had a reduced value of R mp3 alone had an overall reduction in flicker ERG amplitude with a normal response phase across temporal frequency. Patients with RP who had a reduced value of S, whether or not R mp3 was reduced, had the greatest amplitude reduction at temporal frequencies above 40 Hz and phase lags across a range of temporal frequencies. At high temporal frequencies, the amplitude reduction of the flicker ERG was predicted by the product of R mp3 and S for all of the subjects except the three patients with RP who had the lowest fundamental amplitudes. The results indicate that there is a systematic relationship between the derived parameters of the activation phase of cone phototransduction and the characteristics of the flicker ERG in patients with RP, although the phase changes in the flicker ERG were generally greater than predicted by the derived parameters alone.
Introduction
The term retinitis pigmentosa (RP) refers to a heterogeneous group of inherited retinal diseases characterized typically by night blindness, visual field restrictions, bonespicule-like fundus pigmentation, and attenuated retinal vessels (Berson, 1993) . Many forms of RP result from mutations in the rhodopsin gene or in genes related to rod photoreceptor structure or to the rod visual cycle (reviewed by Kennan, Aherne, & Humphries, 2005) . Although the rod photoreceptors appear to be the primary target of the disease, there is histological and functional evidence for cone photoreceptor damage that is likely secondary to the rod degeneration (John, Smith, Aguirre, & Milam, 2000) . Furthermore, there is increasing evidence of postreceptoral alterations in RP, including a rewiring of the neural retina (Marc, Jones, Watt, & Strettoi, 2003) , although the functional consequences of this neural reorganization are not well understood at present.
Because the functional integrity of the rod system is usually severely compromised in patients with RP, an evaluation of the cone system is often the primary means for monitoring disease progression. In addition, the measurement of cone system function is also likely be an important outcome measure during trials of potential therapeutic interventions, such as gene-directed therapy, cell transplantation, or the use of neuroprotective factors (Fishman et al., 2005) . Therefore, it is of considerable interest to develop effective techniques for the sensitive evaluation of dysfunction of the cone system in retinal diseases such as RP. It is also important to distinguish between photoreceptoral and postreceptoral sources of visual dysfunction, given that abnormalities within the postreceptoral retina could impact on the success of potential therapeutic strategies.
The full-field electroretinogram (ERG) is a common clinical method for evaluating the cone system objectively and for distinguishing between sites of disease action. In particular, the functional integrity of the cone photoreceptors in RP has been evaluated by fitting the leading edge of the ERG a-wave with a delayed Gaussian model in order to derive the characteristics of the activation phase of the massed cone photoreceptor response (P3; Hood & Birch, 1995) . There are two primary parameters derived from this model: R mp3 , which refers to the maximum amplitude of the P3 response, and S, which represents the sensitivity of the activation phase of phototransduction. Patients with RP can show a variety of changes in these two parameters, including a reduction only in R mp3 , a reduction only in S, or, more commonly, reductions in both parameters (Hood & Birch, 1996; Tzekov, Locke, Hood, & Birch, 2003) .
The flicker ERG is a second method commonly used clinically to evaluate the functional status of the cone system in RP. As recommended by the International Society for Clinical Electrophysiology of Vision (ISCEV; Marmor, Holder, Seeliger, & Yamamoto, 2004) , the stimulus typically consists of a series of brief flashes presented at a temporal frequency of approximately 30 Hz. At this temporal frequency, the ERG waveform is thought to represent the summation of the responses of photoreceptors and bipolar cells (Kondo & Sieving, 2001) , as well as contributions from inner retinal neurons (Viswanathan, Frishman, & Robson, 2002) . Therefore, it is not apparent whether abnormalities in the 30-Hz flicker ERG in retinal diseases such as RP represent dysfunction at the level of the cone photoreceptors, postreceptoral neurons, or both. An additional consideration is that there are at least two distinct domains of the flicker ERG (Wu & Burns, 1996) . At temporal frequencies below 40 Hz, the flicker ERG shows Weber-law adaptation, so that the amplitude of the ERG response to a given stimulus intensity depends on the adaptation level. At temporal frequencies above 40 Hz, the ERG behaves approximately linearly (at least at high stimulus contrasts), so that ERG amplitude depends on stimulus intensity independent of adaptation level.
The purpose of the present study was to determine the extent to which alterations in the properties of cone phototransduction, as derived from the delayed Gaussian model of the cone P3 response, have predictable consequences for the flicker ERG in patients with RP, cognizant that the relationship likely depends on stimulus temporal frequency. Our approach assumes that abnormalities in the activation phase of cone phototransduction are the sole source of changes in the flicker ERG in RP, and we determine whether the properties of the ERG temporal response are consistent with that assumption. To the extent that the properties of cone phototransduction are a primary determinant of the flicker ERG, then the variation in the parameters of the derived P3 response observed in patients with RP (Hood & Birch, 1996; Tzekov et al., 2003) should lead to a corresponding variation in patterns of the ERG temporal response. Specific quantitative predictions regarding the relationship between the derived parameters of cone phototransduction and the amplitude and timing properties of the flicker ERG are given in Sections 3.3 and 3.4.
Methods

Subjects
Fifteen patients with various forms of typical RP (11 women, 4 men; mean age, 53.7 years; age range, 25 to 70 years) participated in the study. Their characteristics are given in Table 1 , in which patients are ordered by increasing age. Patients were selected to have recordable ERGs of the cone system that encompassed a broad range of amplitudes. Rod-isolated ERG responses were present in all but three patients (Nos. 1, 7, and 8). The majority of patients (Nos. 2, 4, 5, 7, 8, 10, 11, 12, 14, and 15) showed a retinal degeneration with a regional predilection for the inferior retina, as evidenced by greater pigmentary changes in that region and a comparatively greater superior than inferior visual field deficit. Three patients (Nos. 6, 9, and 13) had a delimited form of RP (Marmor, 1979) , and two patients (Nos. 1 and 3) showed diffuse pigmentary changes in the fundus. Four of the patients with autosomal dominantly inherited RP (adRP) (Nos. 2, 4, 10, and 12) had the rhodopsin mutations indicated in Table 1 (No. 2 is the daughter of No. 12, and Nos. 4 and 12 are cousins). Blood samples from two additional patients with adRP (Nos. 8 and 15) tested negative for rhodopsin and peripherin/RDS mutations.
The data from the patients with RP were compared to those of 12 visually normal control subjects (8 women, 4 men). The ages of the control subjects (mean, 47.6 years; range, 25 to 70 years) did not differ significantly from those of the patients with RP (t = À1.06, P = 0.30). All control subjects had best-corrected visual acuities of 20/20 or better in the tested eye, clear ocular media, and normal-appearing fundi on ophthalmologic examination. A subset of six of these control subjects (mean age, 41.3 years; range, 25 to 60 years) participated in a study of the effect of reduced stimulus luminance on the amplitude and phase of the flicker ERG, described in Section 3.3.1. Appropriate institutional review board approval was obtained, and the experiments were undertaken with the understanding and written consent of each subject. Subjects were remunerated for their participation.
Stimuli and recording system
The full-field test stimuli were presented in an Espion ColorDome desktop Ganzfeld controlled by an Espion electroretinography console (Diagnosys LLC, Littleton, MA). Stimulus spectral characteristics were calibrated with a PR-650 SpectraScan colorimeter (Photo Research, Inc., Chatsworth, CA), and chromaticities and luminances were calculated based on V 10 k. ERG responses were recorded with a Burian-Allen bipolar contact lens electrode, grounded with an earclip electrode, and were acquired with the Espion electroretinography console. Amplifier bandpass settings were 0.15-500 Hz and the sampling frequency was 2 kHz.
The protocol for evaluating the activation phase of cone phototransduction was based on that of a previous study (Tzekov et al., 2003) . Full-field ERGs were recorded in response to achromatic flashes of 2.8, 3.2, 3.6, and 4.0 log td-s (assuming a dilated pupil diameter of 8 mm) that were generated by a xenon strobe in combination with a UV-absorbing filter. The stimulus had chromaticity coordinates of x = 0.313 and y = 0.329, and a correlated color temperature of 6459 K. Stimulus flashes were presented against an achromatic, rod-desensitizing adapting field of 3.3 log td that was produced by arrays of short-, middle-, and long-wavelength light-emitting diodes (LEDs) with peak wavelengths of 468, 512, and 632 nm. The adapting field had chromaticity coordinates of x = 0.312 and y = 0.326, and a correlated color temperature of 6333 K.
For the flicker ERG, responses were recorded to sinusoidally modulated light of approximately 100% contrast and a mean luminance of 3.7 log td, generated by an array of LEDs with a peak wavelength of 512 nm. The LEDs were pulse-width-modulated under computer control at a temporal frequency of 1 kHz, with luminances controlled by a calibrated lookup table. The luminance was maintained at the mean level between presentations of the flickering stimulus. The sinusoidal flicker was presented against a steady, rod-desensitizing adapting field of 3.3 log scot td, generated by an array of LEDs with a peak wavelength of 468 nm. Responses were measured at temporal frequencies of 7.8, 11.4, 15.6, 22.7, 31.2, 45.4, 62.5, 83.3 , and 100 Hz, with stimuli presented in order of increasing temporal frequency. In addition, ERG responses were obtained to a stimulus of zero contrast in order to provide an estimate of recording noise. In all cases, the recording length was approximately 1 s (the exact duration was an integral multiple of the stimulus period). For a subset of six control subjects, ERG responses were also acquired using a stimulus mean luminance of 2.7 log td, to simulate the effect of a reduction in S, as described in Section 3.3.1. In this control study, the shortwavelength adapting field was held constant at 3.3 log scot td in order to maintain appropriate desensitization of the rod system.
Procedure
Prior to the ERG recordings, the visual acuity of each subject was assessed with a Distance Visual Acuity Test (Lighthouse International, New York, NY) and letter contrast sensitivity was measured with a Pelli-Robson Contrast Sensitivity Chart (Haag-Streit, Koeniz, Switzerland), using procedures described previously (Alexander, Derlacki, & Fishman, 1995) . Kinetic visual fields were measured with a Goldmann perimeter in a separate session. The pupil of the tested eye was then dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide drops, and the cornea was anesthetized with proparacaine drops. Each subject was light-adapted to room illumination prior to testing, and was then adapted for 2 min to the appropriate adapting field. For the brief-flash ERG, five responses were acquired at each flash intensity, and for the flicker ERG, three responses were acquired at each temporal frequency, to determine reproducibility. The brief-flash and flicker ERG responses of each subject were obtained within a single session, with the brief-flash ERG recorded first. Flicker ERG responses at the reduced stimulus luminance were obtained in a separate session.
Analysis 2.4.1. Leading edge of the a-wave
The five brief-flash ERG responses at each stimulus intensity were averaged, and the leading edges of the a-waves obtained with the four flash intensities were ensemble-fit with the quantitative model of Hood and Birch (1995) . This delayed Gaussian model describes the amplitude of the massed P3 response of the cone system to a flash of retinal illuminance I as a function of time t as:
where R mp3 is the maximum amplitude of P3, S is a parameter representing phototransduction sensitivity, t d is a brief delay before the response onset, the operator represents convolution, and s is the time constant of a low-pass exponential filter that is meant to reflect the capacitance of the cone outer segment. The value of t d was fixed at 2 ms for all subjects, and s was 1.8 ms. The truncation time for the ensemble fits was 10 ms for all subjects. Other truncation times were also examined. These changed the derived parameters slightly, but did not alter the overall pattern of results.
ERG temporal response
The individual ERG responses to sinusoidal flicker were evaluated by spectral analysis, using the Matlab Signal Processing Toolbox (The MathWorks, Natick, MA). The first 200-300 ms of each recording were omitted from analysis to avoid the influence of onset transients (the exact length that was omitted depended on the stimulus period). Response amplitude at the stimulus frequency was derived from the power spectral density of the ERG waveform, and response phase was obtained from a fast Fourier transform. The amplitudes and phases of the three ERG responses at Ross et al. (1984) ). AD, autosomal dominant; AR, autosomal recessive; Iso, isolated, no other known affected family member.
a Thr17Met rhodopsin mutation. b Gly106Arg rhodopsin mutation. c No rhodopsin or peripherin/RDS mutation.
each temporal frequency were averaged. The fundamental amplitudes that are plotted in the figures represent the full peak-to-trough amplitudes of the derived response fundamentals. The phases are given in cosine phase, as per convention, and are ''unwrapped'' to extend beyond 360°. The amplitude of the recording noise across temporal frequency was derived from the power spectral density of the ERG response to the zero-contrast stimulus. A subject's response at a given stimulus temporal frequency was considered distinguishable from noise if the amplitude at the stimulus fundamental frequency was at least twice as large as the noise amplitude at that frequency, and there was intertrial consistency in the response phase. By these criteria, only those amplitudes that exceeded 0.5 lV are plotted in the figures.
Results
Derived parameters of cone phototransduction
The brief-flash ERG responses of a representative control subject and of RP patient 14 are presented in Fig. 1 (the y-axis scales are different for the two subjects given the disparity in their response amplitudes). These graphs illustrate the first 30 ms of the ERG responses to the four strobe intensities (solid traces) and the fits of Eq. (1) to these ERG waveforms (dashed traces). As indicated by the parameter values given in the figure legend, RP patient No. 14 showed a marked reduction in R mp3 and a slight reduction in S compared to this control subject. As observed previously (Tzekov et al., 2003) , the a-wave amplitudes tended to be larger than the derived P3 component at the higher flash intensities. This is presumed to be due to the presence of a response from the more proximal retina during the later phase of the a-wave (e.g., Bush & Sieving, 1994) .
The derived parameters of P3 for the individual patients with RP and control subjects are presented in Fig. 2 . The dashed lines in this figure indicate the lower limits of normal, and the diagonal line represents equal changes in the parameters from the grand mean of the control subjects. The data of the control subjects (hexagons) showed a 2-fold variation in R mp3 and a 2.6-fold variation in S, with parameter values similar to those reported previously (Hood & Birch, 1996; Tzekov et al., 2003) .
The patients with RP showed considerable diversity in their parameter values, as observed previously (Hood & Birch, 1996; Tzekov et al., 2003) . Five of the patients (Nos. 2, 4, 5, 11, and 15) had reduced values of log R mp3 with normal values of log S (lower right quadrant). One patient (No. 10) had a reduced value of log S with a normal value of log R mp3 (upper left quadrant). The other nine patients with RP had reductions in both R mp3 and S (lower left quadrant).
Characteristics of the flicker ERG
The flicker ERG responses of a representative control subject (whose brief-flash ERGs are presented in Fig. 1 ) and two patients with RP (No. 14, whose brief-flash ERGs are given in Fig. 1 , and No. 7, who had a markedly reduced ERG amplitude at high temporal frequencies) are given in Fig. 3 . The solid traces in Fig. 3 represent the average of 3 ERG waveforms in response to a stimulus at a temporal frequency of 31.2 Hz, and the vertical lines indicate the onset of each stimulus cycle. The dashed traces illustrate the fundamental responses that were derived from the spectral analysis. These fundamental responses satisfactorily captured the overall amplitude and timing of the ERG waveforms. . Log R mp3 vs. log S for the individual control subjects (hexagons) and patients with RP (other symbols). The solid line has unit slope and passes through the grand mean of the control subjects, representing equal changes in the two parameters. The dashed lines represent the lower limits of normal, and they divide the plot into quadrants, corresponding to the parameter that was most affected, as described in the text.
Flicker ERG fundamental responses of the control subjects
The mean log amplitudes of the flicker ERG fundamental responses of the control subjects as a function of log stimulus temporal frequency are shown in Fig. 4A . As observed previously (Alexander, Barnes, & Fishman, 2003) , the amplitude function showed a minimum near 12 Hz, a maximum near 32 Hz, and a linear decline in log amplitude at frequencies of 45.4 Hz and higher. The amplitude minimum near 12 Hz and the amplitude peak near 32 Hz are thought to represent primarily the near-cancellation and addition, respectively, of the responses of the depolarizing (ON) and hyperpolarizing (OFF) bipolar cells (Kondo & Sieving, 2001) .
The mean phases of the control subjects as a function of stimulus temporal frequency are shown in Fig. 4B . Similar to a previous report (Alexander et al., 2003) , the phase function was relatively flat from 7.8 to 15.6 Hz, there was a decreasing phase from 15.6 to 45.4 Hz, and then there was an inflection in the phase function at 45.4 Hz, with a relatively shallow slope at high temporal frequencies. At temporal frequencies of 45.4 Hz and higher, the slope of the least-squares regression line (dashed line) fit to the mean phase function of the control subjects was À4.0 deg/Hz [standard error of the mean (SEM) = 0.3 deg/Hz], which corresponds to a response delay of 11.1 ms. Furthermore, the regression line extrapolated to a near-zero phase at zero temporal frequency (intercept ± 1 SEM = À25.2 ± 24.4 deg), indicating that the phase function represents a simple response delay. At temporal frequencies from 22.7 to 45.4 Hz, the slope (À10.4 ± 1.0 deg/Hz) of the least-squares regression line (dot-dashed line) fit to the mean phase function for the control subjects corresponds to a delay of 28.9 ms. However, the phase function across the mid-frequency region did not extrapolate to 0 phase, indicating that an additional factor beyond a simple response delay contributed to the phase values of the control subjects over this intermediate temporal frequency range.
Flicker ERG fundamental responses of the patients with RP
The ERG fundamental response amplitudes of the individual patients with RP as a function of log temporal fre- quency are presented in Fig. 5A , together with the range of the control amplitudes (shaded region). All of the patients with RP showed a reduced amplitude at the clinically relevant frequency of 31.2 Hz, and nearly all patients showed amplitude reductions at high temporal frequencies, as well. The least amount of amplitude reduction occurred at the lowest temporal frequencies.
The phase functions of the individual patients with RP are presented in Fig. 5B . Overall, the patients showed a wide range of results, ranging from normal phases across temporal frequency to substantial phase lags at a number of temporal frequencies. At the lowest temporal frequencies, the patients' phases were normal or showed a slight advance. Phase lags tended to be greatest at a frequency of 31.2 Hz, and the majority of patients (10 of 15) showed a phase lag at this temporal frequency. There was a statistically significant correlation (r = À0.85, P < 0.001) between the fundamental response phases of the patients with RP at 31.2 Hz and their b-wave implicit times (timeto-peak) in response to a flash of 2.8 log td-s (as noted by Friedburg, Allen, Mason, & Lamb (2004) , the characteristics of the cone b-wave are difficult to quantify at higher flash luminances).
ERG amplitude functions normalized at high temporal frequencies
In a previous study of the flicker ERG of carriers of Xlinked RP (XLRP; Alexander et al., 2003) , it was observed that the amplitudes of the carriers' flicker ERGs were reduced uniformly from normal across the frequency range from 40 to 100 Hz, but not at lower temporal frequencies. To determine whether this pattern of findings was also true for the present group of patients with RP, their log amplitude functions were normalized at high temporal frequencies, as follows. First, the mean log amplitude of the control subjects was determined across the frequency range from 45.4 to 100 Hz. Then the log amplitude function for each patient was shifted vertically by the difference between this control mean and the mean log amplitude of each individual patient across this frequency range. If data were not available for all temporal frequencies for a given patient, the curve was shifted based on the mean of the available data. The data of the control subjects were also normalized in this manner.
The normalized log amplitude functions of the individual patients with RP are presented in Fig. 6 , together with the range of normalized functions for the control subjects (shaded region). All log amplitude functions have been plotted relative to the mean of the control responses at 100 Hz, which is indicated by the horizontal dashed line. Therefore, the y-axis effectively represents the log amplitude of each subject relative to the mean control value at 100 Hz.
For the control subjects, this high-frequency normalization reduced the range of log amplitudes at temporal frequencies of 45.4 Hz and higher, but increased the range at low frequencies compared to the non-normalized data (Fig. 5A) . Thus, the log amplitude functions of the individual control subjects were not simply displaced vertically from one another. Furthermore, the log amplitude functions of the control subjects followed a common curve at high temporal frequencies. The results of this high-frequency normalization are consistent with previous evidence that there are at least two temporal frequency regions for the flicker ERG, with a break at approximately 40 Hz (Wu & Burns, 1996) .
A similar pattern of results was observed in the data of the patients with RP (symbols, Fig. 6 ). Their normalized log amplitude functions followed a common curve at temporal frequencies of 45.4 Hz and higher, with the exception of patients No. 1, 7, and 8, for whom amplitudes were so low at frequencies above 45.4 Hz that they could not be distinguished from noise, and whose results are considered separately in the following analyses. Thus, at high temporal frequencies, the log amplitudes of the majority of patients with RP were reduced uniformly from normal. At the lower temporal frequencies, the degree of intersubject variability among the patients with RP was substantially greater than for the control subjects. Although the results for some of the patients were within the normal range, the majority of patients showed large increases in relative log amplitude at intermediate and low temporal frequencies. In this normalized plot, the higher the relative log amplitude of the patients' responses at intermediate and low temporal frequencies, the more reduced were their absolute log amplitudes at high temporal frequencies. Thus, by this index, the patients' response deficits were generally greatest at high temporal frequencies.
Predicted relationship between P3 parameters and flicker ERG responses
The overall aim of this study was to determine the extent to which a defect in the activation phase of cone phototransduction, as reflected in the derived parameters of P3 (Fig. 2) , can account for the amplitude and phase of the flicker ERG across temporal frequency (Fig. 5 ) of the patients with RP. The expected relationship between the derived parameters of P3 and the amplitudes and phases of the flicker ERG is considered in this section. First, we note that a reduction in the value of R mp3 corresponds to an overall decrease in the amplitude of the massed photoreceptor response. This would occur, for example, if there were a reduction in the number of contributing cone photoreceptors, with normal remaining photoreceptors (Tzekov et al., 2003) . Therefore, a reduction in the value of R mp3 predicts that the response amplitude of the flicker ERG would be decreased by a constant proportion from normal across temporal frequency. The response phase, however, should be normal.
The predicted effect of a reduced value of S is less straightforward than for R mp3 , and it depends on the temporal frequency of the flicker. First, a reduction in S effectively reduces both the stimulus mean luminance and the stimulus peak luminance. However, the stimulus contrast remains constant. At temporal frequencies below 40 Hz, the ERG response tends to show Weber-law adaptation, such that the amplitude of the flicker ERG depends primarily on stimulus contrast and is relatively independent of mean luminance (Wu & Burns, 1996) . Thus, at lower temporal frequencies, a reduced value of S should have little effect on response amplitude.
At temporal frequencies above 40 Hz, on the other hand, the ERG response shows linearity (Wu & Burns, 1996) , such that response amplitude depends on stimulus amplitude and is independent of adapting level. As a consequence, a reduction in S should decrease the response amplitude, because the stimulus amplitude is effectively reduced. The degree of amplitude reduction depends on the nature of the stimulus-response function. For the adapting level used in the present study, this function has a slope of 1 on a log-log plot (Wu & Burns, 1996) . Therefore, a reduction in S should produce a proportional decrease in ERG response amplitude at high temporal frequencies. The validity of these predicted effects of a reduction in S on the flicker ERG is examined in the following section through a simulation of a reduced value of S in visually normal control subjects.
Effect of reduced luminance on the normal ERG temporal response function
As noted by Hood and Birch (1996) , a reduced value of S is equivalent to viewing the stimulus through an attenuating or neutral density filter. Therefore, the effect of a reduced value of S on the ERG temporal response function was simulated in a subset of six visually normal control subjects by decreasing the amplitude of the test stimulus by 1 log unit. This value corresponds approximately to the difference in log S between the upper limit of normal and the values for the RP patients who had the greatest reduction in S (Fig. 2) .
The effect of a reduced stimulus luminance on the mean amplitude and phase of the flicker ERGs of the subset of control subjects is illustrated in Fig. 7 . Fig. 7A plots mean log ERG fundamental amplitude as a function of log temporal frequency for the standard luminance (open symbols) and for the reduced-luminance condition (filled symbols). Reducing the stimulus luminance by 1 log unit altered the shape of the response function such that the peak amplitude occurred at a lower temporal frequency, and there was no longer an amplitude minimum near 12 Hz. Furthermore, the amount of the decrease in ERG amplitude that occurred as a function of the reduced stimulus luminance varied with temporal frequency. This is illustrat-ed by the dot-dashed line in Fig. 7A , which represents the low-luminance results shifted vertically by 1 log unit, corresponding to the decrease in stimulus luminance. This vertical shift effectively superimposed the response functions at temporal frequencies of 45.4 Hz and higher, where the flicker ERG shows linearity (Wu & Burns, 1996) . However, there was a substantial difference in log amplitude at lower temporal frequencies, representing partial Weber-law adaptation. The failure to find complete Weber-law adaptation at low temporal frequencies is consistent with the data of Wu and Burns (1996) , who observed that the degree of adaptation of the flicker ERG does not correspond exactly to Weber's law over the lower frequency range. Fig. 7B illustrates the effect of a reduced stimulus luminance on the fundamental response phase of the six control subjects. In general, reducing the stimulus luminance by 1 log unit had little overall effect on response phase. By post hoc t tests with a Bonferroni correction for multiple comparisons, the reduction in luminance introduced small but statistically significant phase lags at 22.7 and 31.2 Hz (t = 2.60, P < 0.05; t = 3.97, P < 0.001; respectively), and small phase advances at 11.4 and 62.5 Hz (t = 2.97, P < 0.01; t = 2.10, P < 0.05; respectively), but there were no significant phase differences at any other temporal frequencies. Of particular relevance, reducing the stimulus amplitude by 1 log unit introduced no appreciable phase lag at temporal frequencies of 45.4 Hz and higher, in contrast to the phase lags of some of the patients with RP (Fig. 5) .
Amplitude of the high-frequency flicker ERG vs. derived parameters of P3
Given the evidence for two distinct regions of the flicker ERG temporal response function, with different response properties, the question addressed in this section is the extent to which the amplitude of the high-frequency region can be predicted by the derived parameters of the P3 response. First, as noted in Section 3.3, a reduced value of R mp3 is equivalent to an overall reduction in the amplitude of the massed cone photoreceptor response. This would be expected to reduce the amplitude of the high-frequency flicker ERG by the same proportion. Second, as shown in Fig. 7 , a reduction in S (simulated by a reduction in stimulus luminance), decreases the response amplitude proportionally at high temporal frequencies.
Thus, for the high-frequency flicker ERG, a reduction in either R mp3 or S should decrease the response amplitude. Specifically, if the properties of cone phototransduction are the primary determinant of the amplitude A of the high-frequency flicker ERG, then
where k is a scaling parameter. In log units,
This prediction is examined in Fig. 8 . In this figure, the x-axis represents the sum of log R mp3 and log S, plotted relative to the mean of the control subjects (indicated by the vertical dashed line). The y-axis represents the mean ERG amplitude for each subject across the temporal frequency region of 45.4-100 Hz, plotted relative to the mean of the control subjects (indicated by the horizontal dashed line). Thus, the y-axis represents the amount by which the log amplitude of the high-frequency ERG of each individual subject was reduced from (or greater than) the normal mean. The solid line in Fig. 8 has unit slope and passes through the grand mean for the control subjects. Therefore, it represents equal changes in the two ERG measures.
The results for the majority of the patients with RP (12 of 15) and for all of the control subjects fell along the line of unit slope in Fig. 8 . Furthermore, there was a statistical- ly significant correlation between the relative amplitude of the high-frequency ERG and the sum of log R mp3 and log S both for the patients with RP (r = 0.91, P < 0.001) and the control subjects (r = 0.88, P < 0.001). Therefore, the amplitude of the high-frequency ERG was well predicted by the derived parameters of P3 over an approximately 30-fold range of ERG amplitudes. However, the results for three patients with RP (Nos. 1, 7, and 8; circled) fell below the line of unit slope, indicating that the decrease in the amplitude of their high-frequency ERG was greater than predicted by the derived parameters of P3. These are also the three patients who had the greatest reduction in ERG amplitude at 45.4 Hz (Fig. 5A) , and whose normalized ERG temporal response functions were dissimilar to those of the other patients with RP (Fig. 6) .
Derived parameters of P3 vs. the ERG temporal response function in RP
The analysis described in the previous section demonstrated that the amplitude of the flicker ERG at temporal frequencies of 45.4 Hz and higher was well-predicted by the characteristics of the activation phase of cone phototransduction for the majority of patients with RP, as well as for all of the control subjects. The question to be considered in this section is the extent to which the derived parameters of cone phototransduction account for the amplitude and phase of the flicker ERG across a range of temporal frequencies in the patients with RP. In Section 3.5.1, this question is addressed for those patients who showed a reduction in R mp3 only. Section 3.5.2 considers the results from those patients who had reductions in S, with or without reductions in R mp3 .
ERG temporal response functions of RP patients with reduced values of R mp3 only
As noted in Section 3.3, a reduction in R mp3 corresponds to an overall decrease in the amplitude of the P3 response. Thus, a reduction in R mp3 predicts that the response amplitude of the flicker ERG would be reduced uniformly across temporal frequency. The response phase, however, should be normal. These predictions are examined in Fig. 9 , which plots the fundamental response amplitudes (Fig. 9A) and phases (Fig. 9B) of the five patients with RP (Nos. 2, 4, 5, 11, and 15) who had reduced values of R mp3 and normal values of S. The data shown in Fig. 9A have been replotted directly from the normalized data of Fig. 6 . This normalization effectively compensates for variations in overall response amplitude. Fig. 8 . Mean log amplitude of the high-frequency ERG vs. the sum of log R mp3 and log S for the individual control subjects (hexagons) and patients with RP (other symbols). Data have been normalized to the control means, indicated by the dashed lines. The solid line has unit slope and passes through the grand mean of the control subjects, representing equal changes from normal. The ellipse indicates the three patients with RP whose ERG amplitudes were lower than predicted by the derived P3 parameters. The amplitude functions of these five patients with RP generally corresponded to those of the control subjects at all temporal frequencies (Fig. 9A) . Furthermore, the fundamental response phases of these five patients (Fig. 9B) were generally within normal limits, with the exception of a few isolated data points. By a repeated measures analysis of variance, there was no significant difference in mean phase between these patients with RP and the control subjects (F = 0.05, P = 0.82). Therefore, the amplitude and phase functions of this subset of five patients with RP are consistent with the results to be expected if a reduction in R mp3 were the primary determinant of the characteristics of the flicker ERG.
ERG temporal response functions of RP patients with reduced values of S
As illustrated in Fig. 7 , a reduced value of S should produce characteristic changes in the shape of the amplitude function for the flicker ERG but should have little effect on fundamental response phase. This prediction is examined in Fig. 10 , which plots the fundamental amplitude ( Fig. 10A) and phase ( Fig. 10B ) of those patients with RP who had reduced values of S, with the exception of the results for the three RP patients (Nos. 1, 7, and 8) whose parameter values failed to predict their ERG amplitude at high temporal frequencies. The results from these three patients will be considered separately. Also shown in Fig. 10 are the ranges of the amplitudes and phases of the control subjects for the reduced stimulus luminance (shaded regions), simulating a reduction in the value of S.
As was the case for Fig. 6 , the data of the control subjects have been normalized at temporal frequencies of 45.4 Hz and higher by shifting the log amplitude functions vertically by an amount corresponding to the difference between the control mean and the mean of the individual response functions across this frequency range. The data of the patients with RP were obtained at the standard stimulus luminance, but they have been normalized to the low-luminance data of the control subjects across the high-frequency range. This normalization effectively minimizes intersubject variations in overall response amplitude so that changes in the shape of the amplitude function due to reductions in S can be evaluated. All temporal response functions are plotted relative to the mean of the control responses at 83.3 Hz, indicated by the horizontal dashed line.
For the control subjects (shaded region in Fig. 10A ), the high-frequency normalization for the low-luminance results decreased the intersubject variability at high temporal frequencies but increased the variability at low temporal frequencies, similar to the results observed at the standard stimulus luminance (Fig. 6) . For the patients with RP, the shapes of the amplitude functions obtained at the standard stimulus luminance corresponded well to those of the control subjects at the lower luminance. Therefore, the amplitude functions of these patients with RP are consistent with a reduction in the value of S.
The phase functions of these patients with RP are shown in Fig. 10B , together with the phases of the six control subjects at the reduced stimulus luminance (shaded region). By post hoc t tests with a Bonferroni correction for multiple comparisons, the patients with RP showed statistically significant phase lags compared to normal at temporal frequencies of 22.7, 31.2, 45.4, and 62 .5 Hz (t = 2.72, P < 0.01; t = 4.08, P < 0.001; t = 4.93, P < 0.001; t = 5.37, P < 0.001; respectively). In general, these phase lags are greater than predicted by a reduced value of S, which is indicated by the shaded region. Therefore, although a reduced value of S can account for the shapes of the amplitude functions of these patients with RP ( Fig. 10A) , there must be an additional source for the phase lags observed in Fig. 10B . Fig. 11A presents the amplitude functions of the three patients with RP (Nos. 1, 7, and 8) whose high-frequency amplitudes were not well-predicted by the derived parameters of P3 (Fig. 8) . The shaded region in Fig. 11A has been replotted from Fig. 10A and represents the range of normalized ERG amplitudes for low-luminance flicker for the control subjects. To emphasize the atypical shapes of the amplitude functions of these three patients with RP, their functions have been normalized such that log amplitude at 31.2 Hz was equated to the mean of the control subjects at that frequency. It is apparent from this normalization that the results for all three patients followed a similar function at high temporal frequencies, with a fall-off in amplitude between 31.2 and 45.4 Hz that was considerably steeper than for the control subjects. Thus, these three patients showed a high-frequency deficit compared to normal, which is inconsistent with a reduction in the value of S. The response functions of these patients also tended to be flatter than normal at low temporal frequencies, which is also inconsistent with a reduction in the value of S.
The fundamental phases of these three patients with RP are presented in Fig. 11B . Because their ERG amplitudes were quite low (Fig. 5) , no phase data are available at temporal frequencies above 45.4 Hz. All three patients had substantial phase lags across a range of temporal frequencies. These phase lags are considerably greater than would be expected from a reduction in S, which is represented by the shaded region. Therefore, there must be an additional source of the marked timing changes in the flicker ERG responses of these three patients with RP.
Discussion
This study examined the relationship between the activation phase of cone phototransduction, as derived from a delayed Gaussian model applied to the leading edge of the ERG a-wave, and the properties of the ERG temporal response function in a group of patients with RP. These patients showed a wide distribution of parameter values for P3, ranging from decreases only in R mp3 to decreases only in S, although the majority had decreases in both parameters (Fig. 2) . A similar variation in the derived parameters of cone phototransduction has been observed in previous studies of RP patients (Hood & Birch, 1996; Tzekov et al., 2003) . The exact mechanism that underlies the abnormal parameters of the activation phase of cone phototransduction in patients with RP remains to be clarified. As noted by Hood and Birch (1996) and Tzekov et al. (2003) , missing cone photoreceptors and/or shortened photoreceptor outer segments would decrease R mp3 without affecting S. Possible reasons for a reduction in S include local changes in quantal catch due to morphologic abnormalities in cone outer segments, abnormal synaptic structure that alters feedback to the cones, and downregulation of cone protein expression (Tzekov et al., 2003) .
Regardless of the explanation for the abnormal parameters of the P3 response, there were systematic relationships between these parameters and the characteristics of the flicker ERG in the patients with RP, despite the retinal inhomogeneity that is typically present in this disease. Those patients who only had a reduced value of R mp3 showed an overall reduction in ERG amplitude (Fig. 9A ) and a normal response phase across temporal frequency. The patients who had a reduced value of S, with or without a reduction in R mp3 , had a change in the shape of the amplitude function that was consistent with a reduction in S (Fig. 10A) , except for the three who had the greatest Fig. 11 . (A) Relative log ERG fundamental response amplitude as a function of log stimulus temporal frequency for the three patients with RP (Nos. 1, 7, and 8) whose amplitudes at high temporal frequencies were substantially smaller than predicted by the derived parameters of cone P3, with linear temporal frequency indicated on the top x-axis, and (B) fundamental response phase for these RP patients as a function of temporal frequency. The data of the patients with RP have been normalized to the control mean at 31.2 Hz. Shaded regions represent the normal ranges for the low-luminance amplitudes and phases, replotted from Fig. 10 . amplitude reduction at high frequencies (Nos. 1, 7, and 8). The RP patients as a group showed a significant correlation (r = 0.79, P < 0.001) between log S and fundamental phase at the clinically relevant frequency of 31.2 Hz. However, the phase lags were greater than would be expected if a reduction in S were the only explanation for the changes in the properties of the flicker ERG.
The source of the phase lags shown by the patients with RP is uncertain. A likely possibility is that the phase lags are due to an abnormality in the temporal response properties of postreceptoral neurons. For example, Hood and Birch (1996) noted that the delay in the implicit time of the 30-Hz flicker ERG in patients with RP was greater than could be accounted for by a reduced value of S. From an analysis of the timing properties of the oscillatory potentials of the brief-flash ERG, they concluded that there was a ''smearing out'' of the ERG waveform in RP, as first observed by Massof, Johnson, Sunness, Perry, and Finkelstein (1986) . Hood and Birch (1996) suggested that this was likely due to a delay introduced at a postreceptoral level. An additional consideration is that the L-cone-driven flicker ERG can show a greater phase lag than the M-conedriven flicker ERG at temporal frequencies near 30 Hz in patients with RP (Kremers, 2003) , although it is not yet apparent whether this phase lag originates within the cone photoreceptors or in postreceptoral neurons.
As shown in Fig. 8 , the derived parameters of cone phototransduction predicted the amplitude of the flicker ERG at temporal frequencies of 45.4 Hz and higher for the majority (12 of 15) of the patients with RP and for all of the control subjects. Therefore, the activation phase of cone phototransduction appears to be a major determinant of the amplitude of the high-frequency flicker ERG. This conclusion may seem to be at odds with recent studies showing that the cone photoreceptors themselves make little direct contribution to the flicker ERG response at high temporal frequencies, and that the high-frequency flicker ERG is generated by the responses of bipolar cells and inner retinal neurons (Kondo & Sieving, 2001; Viswanathan et al., 2002) . However, the cone photoreceptors provide the initial input to these ERG generators, and alterations in the properties of cone phototransduction would therefore be expected to have an impact on the characteristics of the high-frequency flicker ERG. In addition, the high-frequency region of the ERG temporal response function appears to be dominated by the response of the L-AP4-sensitive, depolarizing (ON) bipolar cells (Kondo & Sieving, 2001) , so that there is less opportunity for interference between signals from ON and OFF bipolar cells, and thus there is a more direct link to the cone photoreceptor response. The apparent absence of a direct cone photoreceptor contribution to the high-frequency flicker ERG may be due to the high gain of cone bipolar cells (Burkhardt, Fahey, & Sikora, 2004) , which would increase the response of bipolar cells relative to that of the cone photoreceptors. Furthermore, bipolar cells have an intrinsic high-pass filter (Burkhardt et al., 2004) , which would enhance their relative contribution to the ERG response at high temporal frequencies.
For three of the patients with RP (Nos. 1, 7, and 8), the high-frequency ERG was reduced much more in amplitude than was predicted by the parameters of the delayed Gaussian model (Fig. 8) . In addition, the amplitude reductions were more pronounced than would be expected based on the patients' visual field areas, which were within normal limits for the Goldmann II/4e target for two of these patients (Nos. 1 and 7; Table 1 ). Although these three patients showed a substantial reduction in the value of S, their temporal response functions did not conform to the results expected for a reduction in S, either in amplitude or in phase (Fig. 11) . In particular, these three patients showed a disproportionate loss of amplitude at the highest temporal frequencies, consistent with the operation of a low-pass filter that had a lower corner frequency than normal. This finding may be related to reports of reduced flicker sensitivity at high temporal frequencies in patients with RP (e.g., Dagnelie & Massof, 1993; Tyler, Ernst, & Lyness, 1984) , although it should be noted that not all RP patients show such a highfrequency sensitivity loss (Felius & Swanson, 1999) . The overall pattern of results from these three patients with RP indicates that they form a distinct subgroup, but whether the abnormal high-frequency flicker ERG represents dysfunction at the level of the cone photoreceptors or postreceptoral neurons remains to be determined.
The fact that the majority of the patients with RP in the present study showed a common amplitude function at high temporal frequencies is similar to results observed previously in carriers of XLRP (Alexander et al., 2003) . However, the phase characteristics were different for these two groups. Those carriers of XLRP who showed phase lags at 32 Hz had normal response phases at higher temporal frequencies. In comparison, the patients with RP in the present study either had normal phases at all temporal frequencies (i.e., those patients with reduced values of R mp3 alone) or had phase lags at both intermediate and high temporal frequencies (i.e., patients with reduced values of S). For the carriers of XLRP, the ERG abnormalities were attributed to a relative response attenuation within the postreceptoral ON pathway, based on the predominant phase lag at 32 Hz, the flatness of their amplitude functions at low temporal frequencies, and a greater abnormality in the response to rapid-on flicker than to rapid-off flicker. However, the overall pattern of results from the patients with RP in the present study differs from that of the carriers of XLRP, indicating a different underlying pathophysiology.
In summary, the majority of the patients with RP in this study showed a uniform reduction in the amplitude of the flicker ERG at temporal frequencies higher than 40 Hz, and the magnitude of the amplitude reduction at high frequencies was predicted by the product of R mp3 and S, the derived parameters of the activation phase of cone phototransduction. These parameters also predicted the amplitudes of the high-frequency flicker ERG of the control subjects. The patients with RP who had reduced values of R mp3 and normal values of S had normal response phases across temporal frequency. All patients with RP who had reduced values of S, with or without reductions in R mp3 , had phase lags across a range of temporal frequencies. These phase lags were greater than expected from the reduced values of S, however, and are likely to have a postreceptoral origin. The results indicate that, in addition to its characterization of the activation phase of cone phototransduction, a delayed Gaussian model applied to the leading edge of the ERG a-wave has predictive value in accounting for the amplitude, but not necessarily the phase, of the flicker ERG of the cone system in patients with RP.
